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LXPOSl RL APPARATUS iiavinc 
( ATADIOPTRIC PROJECTION OPTICAL 
SYSTLM 

k< jR( )! 'Nl ) ( '1- I I II- [NVINIION 

1 } ■' i c u 1 of (he Invention 

1 he piescnl invention i elates to a catadioptrie projection 
o, tical system suitable fur application:-, to projection optical 
osteins for 1:1 or demagmfying projection m projection 
exposure apparatus such as steppers u^cd in fabricating, for 
cample, semiconductor de\ ices or iou:d crystal displa> 
vices, etc.. b> photolithography process. More particularly, the 
n vcnt;on relates to a catadioptrie protect nil optical sy stem of a 
magnification of' 1 4 to I 5 with a resolution of submicrou order 
-r the ultra\ :olct w a\ elength region, using a reflecting system as 
an element in the optical system. 
2. Related Background Art 

In fabricating semiconductor devices or liquid crystal 
. h -;r,i'. de\ ices, etc h\ photolithography process, the pioject on 
e:.posure apparatus is used lor dcmagni lying through a 
projection optica! system a pattern image on a reticle (or 
photomask, etc.) for example at a ralio of about 14 to 1 '5 to 
e'fect exposure ot" t le image on a wafer (or glass p ate. eie.) 
coated with a photoresist or the like. 

[he projection exposuie apparatus with a caladtopinc 
projection optical system is disclosed, for example, m Japanese 
i .^id-open Patent Application No. 2-605 10. Japanese 1 aid-open 
Patent Application No. 3-282527, U.S. Pat. fUSP) Ko. 
5 OS'J.O 1 .i. Japanese i. aid-open Patent Application No. 5-72478. 
■ >i U.S. Pat. No. 5.052.763. No. 4.7 7( > °»66. No. 4.65.7". No. 
I ~()!.-)35. 

si mm \ky or Tin invention 

An obieet of the [present invention is to pro\ icie an exposure 
apparatus having a catadioptrie projection optical system which 
can use a beam splitting optical system smaller than the 
conventional polarizing beam splitter and which is excellent in 
t: agedbrming performance, permitting a sufficiently long 
optical path of from 'he concave, rclk-ciivc minor lo the image 
mane Therefore, the catadioptrie projection optical system has 
a >pace permitting an aperture stop to fx set therein, based on a 
»i.:e reduction of" the beam splitting optical system such as a 
p'llan/mg beam splitter. The catadioptrie projection optical 
>y stem can be applied to the projection e . posurc apparatus of the 
naming exposure method, based on use of a compact beam 
splitting optica; system. Besides the projection exposure 
apparatus of the one-shot exposuie m.Jthod, the catadioptrie 
pi ejection optical system can be also appher to iccent apparatus 
employing a scanning exposure method such as the slit scan 
method or the stcp-ai id-scan method. iu for effecting exposuie 
■a "life relatively scanning the reticle and the wafer to the 
projection optical sv stem. 

To achieve the above object, as shown in I K U 1. an 
o.posure apparatus of the present invention comprises at least a 
a afer stage 3 allow mg a photosensitive sahstrate W to be held on 
a mam surface thereof", an illumination optical system 1 tor 
emitting exposure I ght of a predetermined wavelength and 
transferring a predetermined pattern of a mask (reticle R) onto 
the substrate \V. a catadioptrie projection optical s\steir 5 
provided between a first surface PI on which the mask R is 
d , posed and a second surface P2 to which a surface of the 
.■uhstiate W is corresponded, for projecting an image ot' the 
p.ittein of the mask R onto the substrate YV. 'I he illumination 
optical system 1 includes an 
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alignment optical svstem 110 tor adjusting a relative positions 
between the mask R aiul the water VY, and the ma.sk K is 
disposed on a reticle stage 2 which is movable in paiallc! with 
lespeel to the main surface of the water stage 3 The catadioj 'trie 
protection optical s\ stem has a space pet nutting an aperture stop 
{) to he set therein. The sensitive substrate YV comprises a water 
S such as a silicon water or a glass plate, etc.. and a 
phuto.scn.siti \ e materia: 7 such as a photo; cs;si or the like coating 
a surface of the watei 8. 

In particular, as shown in 1 IGS 2. 17. and 31, the 
catadioptne projection optica! system comprises a first imagc- 
formmg optical system (0,(1,). G : <f : t) for forming an 
intermediate image 1 1 of the pattern of the mask R. and a second 
image-forming optical system (Gdf )) for forming an image of 
the intermediate image 1 1 on the substrate W. The first image- 
forming optical system has a fust group Cj.ff.) with a positive 
refractive power, comprising a -eh active lens component, tot 
converging a light beam fiom 'he pattern of the mask R. a second 
group G.(f, ) with a pos.tive retractive power, comprising a 
concav e, reflective mirror M, for reflecting a light beam from the 
first group G jf,), fur forming the intermediate image 1 1 ot the 
pattern of the mask R. and a bean: splitting optical system lOlTiS 
(including 10A. 10H, and IOC) or 1 2 as a beam splitting optical 
system for changing a traveling direction of one of alight beam 
from the first group G ,( f, ) and a reflected light from the concave, 
reflective mirror M„ and thereby a part of the light beam 
converged bv the second, group C i 4 f . i is guided to the second 
image- forming optical system G ; (f). The parameter f, means as 
a focus length of the first group G. in the first image-forming 
optical system, the parameter f means as a focus length of the 
second group Ci, in the first image-forming optical system, and 
the parameter f means as a focus length of a lens group ( i : in the 
second image-forming optical svstem. 

The catadio))tnc pro|ection optical system in 1 1G. 2 is an 
optical system for projecting an image of a pattern of a first 
surface PI onto a second surface P2, which has a first image- 
forming optical system (G,, GO for forming an intermediate 
image 11 of the pattern of the first surface PI and a second 
image-forming optical system (G,) for forming an image of the 
intermediate image 11 on the second surface P2. 

The first image-forming optical system comprises a first 
group of a positive refractive power, comprising a 

refractive lens component, for converging a light beam from the 
pattern of the first surface PI. a prism type beam splitter 10PBS 
for separating a part of a light beam from the first group by a 
beam splitter surface lOPBSrt arranged obliquely to the optical 
axis AX1 of the first group, and a second group G : (f : ) with a 
positive retractive power, comprising a concave, reflective 
mirror \f for reflecting die light beam separated In the prism 
t> pe beam splitter 10PI1S, tor forming the intermediate image 1 1 
of the pattern near the prism t\ pe beam splitter 10PMS. m w hich 
a pan of the light beam com erged by the second group G .( fl) is 
separated by the prism type beam splitter 10PBN to he guided to 
the second image- forming optical svstem ( i.jf ) The prism type 
beam splitter is disposed on the optical axis AM of the Hist 
group ( i,(f. ) and prov ided between the concave, reflective mirror 
M . and the second image- forming optical svstem. 

In this case, it is desirable that the intermediate image 1 1 of 
the pattern be formed inside the prism type beam sputter 10PBS 
Also., as shown in FIG. 2. it is desired that in order to prevent 
generation of flare due to repetitive reflections between the 
concave, reflective mirror M- and the second surface P2. a 
polari/mg beam sputter be used as the beam 
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splitter 10PBS and a quarter nave plate 9 be placed between tbe 
polarizing beam splitter and the eu:iea\e. retleetive mirror M 
! li r 1 1 icj t . it is desired that the optical system be teiccentnc at least 
on the image plane P2 side. 

Next, the eatadioptric projection optical system in bid 17 
is an optical svstem for projecting an image of a pattern NO on 
a fust surface 1M onto a second surface P2 which lias a first 
:rn a ye -forming optica! system (Ci : (f. ). (i.(t\)) for forming an 
intermediate image 1 1 of the pattern PIO of the fiist surface PI. 
and a second image-forming optical system ((j,(t\)) for forming 
an image of the intermediate image 1 1 on the second surface P2. 

The first image- form mg optical system comprises a first 
group Ci.(f, ) of a positive refractive power, comprising a 
refract ive lens component, for converging a light beam from the 
patten: PIO of the first surface PI. a partial mirror 12 fur 
separating a part of the light beam from the first gioup by a first 
reflective surface \ 2u arranged obliquely to the optical axis AX 1 
of the first group, and a second group Ci : (i\) ol a positive 
retract i\ e power, comprising a concave, retleetive mirror NT for 
reflecting the light beam of which the part is separated by the 
partial mirror 12. for forming the intermediate image 11 ot the 
patten ■ PIO near the partial mirror 12, in which a pail of the light 
beam converged by the second group is guided to the second 
image-forming optical system (j ? (t\). The partial mirror 12 is 
positioned so as to avoid being disposed on the optical axis AX1 
of the first group and provided between the first group and the 
second group. The partial mirror 12 further lias a second 
retleetiv e surface for guiding the reflected light beam from the 
concave, retleetive mirror NT to the second image- forming 
optical system, the second reflective surface 1 Ih being opposite 
1o the first reflective surface 12</ 

In this case, because the light beam reflected by a second 
surface 12/) ot the partial mirror 12 is used, it is desired that an 
image-forming range be slit or arcuate. Namely, the eatadioptric 
projection optical system in FHi. 17 is suitable for applications 
1o the projection exposure apparatus of the scanning exposure 
method In this case, because the use of the partial mirror 12 
includes little influence of repetitive reflections, the quarter wave 
plate can be obviated. 

In these arrangements, the following conditions should be 
preferablv satisfied when indiv idual Pet/val sums of the first 
group Ci.(f,), the second group (T(f ; ). and the second image - 
forming optical svstem G,(f ; ) are p.. p,, p, respectively. 



further, the following conditions should he preferablv 
satisfied when a magnification of primary image formation ot 
from the pattern on the first surface PI to the intermediate image 
is p. .. a magnification ot' secondary image formation of from the 
intermediate image to the image on the second surface P2 is p ; . 
and a magnification of from the first surface to the second 
:>ui face is p. 



1- h- : 



The eatadioptric piojection optica! system in hlti. 2 is 
suitably applicable to the piojeelion exposure apparatus of 
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the one-shot exposure method In this ease, because the prism 
tvpe beam splitter 10PBS is used to separate the light beam 
coming from the concave, reilective mirror M from the light 
beam going to the eoncave. rellecttv c mirror M and beeause the 
beam spdtter 10PBS is located near the portion where the light 
beam from the eoncave. reflective minor VP is once converged 
to be locused. the prism type beam splitter 101'BS can be 
constructed in a reduced scale. In othei words, in the catadioptnc 
projection optical system, since an intermediate image 1 1 of the 
pattern of the first surface PI is formed between the concave, 
reflective mirror VI- and the second image-forming optical 
system, the diameter of the light beam traveling from the 
concave, reflective mirror \F to the beam splitter 10PBS will 
become small. 

Also, because the image is once formed between the 
concave reflective minor M, and the image p.anc 1*2. an 
aperture stop 6 can be placed in the second image-forming 
optical system (i,(t\). Accordingly, a coherence tacor(o v alue) 
can he readily controlled. With regard to this, because after the 
primary image formation, the secondary image formation is 
made by the second image-forming optical system (n(f\). the 
working distance between a fore end tens in the second image- 
forming optical system (i,(f,) and the image plane P2 can be 
secured sufficiently long. In particular, because the projection 
exposure apparatus of the one-shot exposure method employs the 
beam splitter 10PBS located near the plane of primary image 
formation, the beam splitter 10PBS can be made as small as 
possible. 

Next because the catadioptnc projection optical system in 
FKi. 17 uses the partial mirror 12. a best image region on the 
image plane P2 is slit or arcuate, thus being suitable for 
applications to the projection exposure apparatus of the scanning 
exposure method. In this case, because the image is once formed 
near the partial mirror 12. the partial mirror 12 may be small m 
size and characteristics of a reilectiv e film of the partial mirror 
12 arc stable. 

Also, the optical path can be separated simply by providing 
the partial mirror 1 2 with a small angle of view . Namely, because 
a large angle of view is unnecessary for separation of the optical 
path, a sufficient margin is left in the image-forming 
performance. With regard to this, ordinary catadioptnc 
projection optical systems need a maximum angle of v iew of 
about 2l |C or more for separation of the optical path, while an 
angle of view of the light beam entering the partial mirror 12 is 
about K r \ which is easy in aberration correction 

A so-called ring field optical system is Imown as a 
project 'on optical system for the scanning exposure method, and 
the ring field optical system is constructed to illuminate only an 
off-a> is annular portion It is. how ev er . difficult for the ring field 
optical system to have a large numerical aperture, because it uses 
an oif-axis beam Further, because optical members in that 
svslein are not symmetric with respect to the optical axis, 
processing, inspection, and adjustment of the optual members 
are difficult, and accuracy control or accuracy maintenance is 
also dift\ ult. In contrast with it. because the angle of view is not 
lar ge m die present invention, the optical system is constructed 
m a structure with less eclipse of beam. 

Since the first image-forming optical system <l ■.( f. I. ( I i f : >) 
and die second imaged orming optical system d.lfj arc 
constructed independently of each other, the optica! system is 
easv in processing, inspection, anil adjustment of optical 
members is easv in accuracy control and accuiacv maintenance, 
and has excellent image- \\ w ming characteristics to reait/e a lar ge 
numerical aperture. 

Not. m the catadioptnc projection optical system shown m 
bUi 2 or 1". a Pet/val sum of the entire optical sy.-.tem 
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first needs in be set as close to <). m order to I ur thcr tmpiove the 
pei fni mance ni" optical system. I hercfore. conditions of 
equations ( i } In {}) should be preferably satisfied 

SaList v i nil the conditions ot' equations ( I ) to (3) prevents 
curvature of the linage plane in the optical performance, which 
thus makes fatness of the image plane excellent Above the 
upper limit of the condition of equation ( 3 ) (or if p. * p, * p. 0 1 ). 
the image plane is curved as concave to the object plane, below 
the lower limit of the condition of equation {} ) (or if p. 'P^V- - 
'M ). the image plane is curved as convex to the object, therein 
considerably degrading the image-forming perfoi mance. 

When the conditions of equations (4} ui ((>) arc satist'ied as 
to the magnification [V . of primary image formation, the 
magnification p, of secondary image formation, and the 
magnification [\ of overall image formation, the optical system 
can be constructed w ithout difficulties Below the lower limit of 
each condition of equation (4) to (b). the demagrulying ratio 
becomes excessive, w Inch makes v\ ide-range exposure dit t icult. 
Above the upper limit, the dcmagni tying ratio becomes closer to 
magnifying ratios, which is against the original purpose ol use 
tor reduction projection m applications to the projection 
exposure apparatus. 

In this case, because the condition of equation (4) is 
satisfied, the most part of the demagnifying ratio of the ov erall 
optical system relics on the first image-forming optical system 
Accordingly, the beam splitter 1 OPUS or the partial mirror 12 
can be constructed in a small scale in particular. If the position 
of the beam splitter 10PBS in FIG. 2 or the partial mirror 12 in 
FIG. 6 as beam splitting means is made nearly coincident with 
the entrance pupil and the exit pupil of optical system, a shield 
portion on the pupil docs not change against a change o! object 
height, and therefore, no change of image-forming performance 
appears across the entire image plane. 

Also, it is desired that such an optica! system for exposure 
be teleeentne at least on the image plane side in order to suppress 
a change of magnification against variations in the direction of 
the optical axis, of the image plane where the wafer or the like is 
located. 

The present invention will become more fully understood 
from the detailed description given hereinbelow and the 
accompanying drawings which are given by way ol illustration 
only, and thus are not to be considered as limiting the present 
invention. 

further scope of applicability of the present invention will 
become apparent from the detailed description given hereinafter. 
However, it should be understood that the detailed description 
and specific examples, while indicating preferred embodiments 
of the invention, are given by way of illustration only, since 
various changes and modifications w ithm the spirit and scope of 
the invention will become apparent to those skilled m the art 
form this detailed descr iption. 

BRIFFDISGRlPIiON Of Mil- DRAWINGS 

I 1( i lis a structural drawing to show the basic structure ot' 
the exposure apparatus according to the present invention. 

FH i 2 is a structural drawing to show die basic structure 
of the catadioptric projection optical system 5 in FIG. 1. 

FIG. 3 is an illustration ot' optical paths ot" a light beam 
traveling in the catadioptric projection optical system m 
FIG. 2. 

FIG 4 is an optical path development of a first embodi- 
ment of the catadioptric projection optical s> stem :n FIG. 2, 
the optical path comprising the optical paths OR1. GF2. ( >P3 
show n in FK i 3 
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FIGS 5 to 9 an: aberration diagrams of the first embodi- 
ment 

10 is an optical path dev elupment of the piojection 
optical system in the second embodiment. 

FIGS 11 to 16 are aberration diagrams of the second 
embodiment. 

FIG 17 is a structural drawing to show the basic structure 
of the projection optical system in the third embodiment. 

bid. 18 is an optical path development of the projection 
optical system m the third embodiment 

FIGS. 19 to 24 are aberration diagrams of the third 
embodiment. 

FIG 25 is an optical path development of the projection 
optical system in the fourth embodiment. 

I "!(. iS 26 to 30 arc aberration diagrams of the fourth 
embodiment. 

FIG. 31 is a structural drawing to show a structure of the 
caiadioptne projection optical system applied to a common 
exposure apparatus. 

D UTAH. I- 1) INSCRIPTION OF Till! 
PRi i l RRI I ) FM liOI )1MF NTS 
\ arioiis embodiments of the catacioptnc projection optical 
svslem according to the present m\ ention will be desi ribed with 
reference to the draw ings. In the examples, the preseir. m\ ention 
is applied to the projection optical system m the projection 
exposure apparatus for projecting an image of patterns of reticle 
onto a wafer coated with a photoresist. FIG. 1 shows a basic 
structure of the exposure apparatus according to the present 
mvemion. As shown m FIG. 1. an exposure apparatus of the 
present invention comprises at least a wafer stage 3 allowing a 
photosensitive substrate \V to be held on a mam ;urfaee 3« 
thereof, an illumination optical s\stem 1 for emitting exposure 
light of a predetermined w av elength and transferring a predeter- 
mined pattern of a mask (reticle R) onto the substrate \V, a light 
source 100 for supplying an exposure light to the illumination 
optical system 1. a catatlioptric projection optical system 5 
provided between a first surface 1*1 (object plane) on which the 
mask k is disposed and a second suit ace P2 (image plane) to 
which, a surface of the substrate W is corresponded, for 
projecting an image of the pattern of the mask K onto the 
substrate W. The illumination optical system 1 includes an 
alignment optical system 1 10 for adjusting a relative positions 
between the mask R and the wafer W. and the mask R is 
disposed on a reticle stage 2 which is movable in parallel with 
respect to the mam surface of the wafer stage 3 A reticle 
exchange system 200 conveys and changes a reticle (mask R) to 
be set on the reticle stage 2. The reticle exchange system 200 
includes a stage driver tor moving the reticle stage 2 in parallel 
with i expect to the mam surface 3i/ of the wafer stage 3. The 
eatadioptric projection optical system 3 has a space petmittmg an 
aperture stop 6 to be set therein. The sensitive substrate \V 
compn scs a wafer S such as a silicon w aler or a glass plate, etc . 
and a photosensitive material 7 such as a photoresist or the like 
coating a surface of the wafer 8 The wafer stage 3 is mov ed in 
parallel with respect to a object plane PI by a stage control 
system 300. Further, since a mam eoir.rol section 400 such as a 
computer system controls the light source 100, the reticle 
exchange svstem 200. the stage control system 300 or the like, 
the exposure apparatus can perform a harmonious action as a 
whole. 

'I lie techniques relating to an exposure apparatus of the 
present invention are described, tor example, in I'.S. patent 
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applications Scr No 2.\\927, No. 2nd. .V«. No 299, 3u5. I '.S. 
Pat. No. 4.497.0 15. No. 4.6b(>,273, No. 5.194.X93. No 
5.253.1 in. No. 5.333.035. No 5.36x051. No 5.379.09-1 . or :hc 
like. 1 he reference oi l '.S patent application Scr. No 2 55. 1 '27 
leaches an illumination optical system (using a laser source) 
applied to a iear. Upe exposure apparatus. The reference of I S 
patent appl -cation Scr. No. 200.39X teaches an i Hum mat-on 
optica: svstcm (using a lamp source) applied to a scan t\ pe 
exposure apparatus. The reference of I 'S patent application Scr. 
No. 2 ,, 9.30;~ teaches an alignment optical system applied to a 
scan t.pc exposure apparatus. The reference ot l : .S. Pat . No. 
4.497,015 teaches an illumination optical system (using a lamp 
source ) applied to a scan type exposuie apparatus The reference 
of U.v Pal. No 4.(>6().273 teaches a step-arid repeat t>pe 
exposure apparatus capable of using the catathoptric projection 
opticai svstcm of the present invention. The reference oft S. 
Pat. No. 5.194.X93 teaches an illumination optical system, an 
illumination region, mask-side and reticle-side interferometers, 
a focusing optica', system, alignment optical system, or the like. 
"The reference of I '.S Pat No 5.253.1 10 teaches an illumination 
optica system ( using a laser source) applied to a step-and-repeat 
type exposure apparatus. The '110 reference can he applied lo a 
scan Wpe exposure apparatus. The reterence of I hS. Pat. N'o. 
53}?~.i)}5 teaches an application of an illumination optical 
system applied to an exposure apparatus. The reference of U.S. 
Pat. No. 5.365.051 teaches a auto-focusing system applied to an 
exposure apparatus. The reterence ofW.S. Pat. No 5.379. 091 
teaches an illumination optical system (using a laser source) 
applied lo a scan type exposure apparatus. 

In each embodiment as described below, a lens arrangement 
is ill nitrated as an optical path development, for example as 
shovvr in PIG. 4. In each optical path development, a reflective 
surface is shown as a transmissive sur face, and optical elements 
are ananged in 'he order in which light from a reticle R passes. 
Also, a virtual plane of tlat surface (for example r,,i is used at a 
reflective surface of a concave, reflective mirror (for example 
r u ) In order to indicate a shape and separation of lens, for 
example as shown in FKi. 4, the pattern surface ot' reticle F is 
defined as the /eroth sur face, surfaces that the light emergent 
from Pie reticle K passes in order before reaching the wafer \V 
are deoned as i-th surfaces (1-1.2....). and the sign for radn r, 
ot" curvature of the i-th surfaces is determined as positive if a 
surface is convex to the reticle 10 in the optical path 
development. A surface separation between the i-th surface and 
the (n 1 )-th surface is defined as d r SiO, as a glass material 
means silica glass, A refraeti\ e index of silica glass tor reference 
wavelength ( 193 urn) used is as follows 

silica glass: ! .56100 

hirst Fmhodiment 

I ne first embodiment is a projection optical svstcm w iPi 
a magnification of I 4x. suitably applicable to the projection 
exposure apparatus of the one-shot exposure method (steppers 
etc ) This hrst embodiment is an embodiment con c.sponding 
to the optical system of FKi. 2 as well. FKi. 4 is an optical 
path development of the projection optical system of the first 
embodiment. As shown in FKi. 4. light from the patterns on 
the reticle R travels through a first converging group (j ; 
consisting of four refractive lenses and then is re Heeled by a 
beam splitter surface (r. ) in a cubic polarizing beam splitter 
10A An optical path of the light is corresponded to the optica! 
path ()P1 in FK.i.3. The retlected light passes through a quarter 
wav e plate 9 ( not show n m I- Id. 4 1 to reach a second converging 
group ( j.. consisting ot" 
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a ncgati v c meniscus lens I . and a concav e. i ellcct iv c iikitdi M 
'I he light reflected bv the second converging group <j. passes 
through the quarter wave plate (not shown m FIG 4) to form an 
intermediate image of the patterns in the polarising beam splitter 
10A (see optical paths OP2 and OP3 in f id. 4) 

Then, light from the intermediate image, that is. a light beam 
having passed through the polarizing beam splitter 10A. then 
passes through a thud converging group (i. consisting of 
fourteen refractive lenses to form a second intermediate image of 
the patterns on the surface of wafer W, !n this ease, an aperture 
stop 6 is placed on a Fourier transform plane m the third 
converging group ( I ; . i.e.. netvveen a posiliv e meniscus lens 1. , 
and a concav e lens I. 

Also, as shown in f id. 4. the first converging group (i, is 
composed of, in the o'der from the reticle R side, a positive 
meniscus lens I.,, with a convex surface to the reticle K, a 
negativ e meniscus lens I . , with a convex surface to the reticle R 
a double convex lens (hereinafter referred to simply as "come 1 
lens" i I..-,, and a double concave lens (hereinafter referred to 
simply as "concave lens") I. iV and the second converging group 
G : is composed of a negative meniscus lens L .,. with a concave 
surface to the reticle 1< and a concave, reflective mirror \1 : 
Further, the third converging group G, is composed of a positive 
meniscus lens F, with a concave surface to the reticle R, a 
convex lens F i: . a positive meniscus lens I.,, with a concave 
surface to the reticle R. a convex lens I,,.,, a convex lens F ; <, a 
positive meniscus lens F 1( . with a convex surface to the reticle R 
a concave lens I.,-, a convex lens F, s . a convex lens F a 
negativ e meniscus lens [..... with a concave surface to the reticle 
R, a convex lens L ; ,,. a negative meniscus lens F :i with a convex 
surface to the reticle R. a positive meniscus lens I.,., vvi'h 
convex surface to the reticle R. and a negative meniscus lens 1 , ? 
w ith a conv ex surface to the reticle R. 

A magnification of the total svstem is 1 '4^ 
(demagnification). a numerical aperture NA on the wafer YV side 
(image side) is 0.4. and the object height is 30 mm. 

The refractive lenses all are made of a kind of optical glass 
of fused quartz, which are corrected for axial and lateral 
chromatic aberrations for a wavelength band of 1 nm at the 
wave cngth of 193 nm of the ultraviolet excimer laser light. 
Also, the optical system has excellent image-forming 
performance, as well corrected for spherical aberration, 
coma astigmatism, and distortion up to a neatly zero aberration 
state, and the good image-forming performance can be 
retained even if the optical system of FKi. 4 is proportionally 
enlarged two to three times. 

Next Table 1 show s radii of curvature r., surface separations 
d , and glass materials m the first embodiment of FKi 4 In 
the following table, the fifteenth surface is a virtual plane 
for indicating the concave, reflective mirror in the optical 
path development. 
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Also. FIG. 5 to 7 show longitudinal aberration diagrams of 
the first embodiment, i K i 8 shows a lateral chromatic aberration 
diagram of the first embodiment, and FIG. 9 shows transverse 
aberration diagrams of the first embodiment. In particular. FIG. 
5 shows spherical aberration of the first embodiment. FIG. 6 
show s asiigmatism of the first embodiment, and FIG. 7 shows 
distortion of the first embodiment. In these aberration diagrams, 
symbols J. P. and Q represent respective characteristics when the 
used \va\etength is changed in a selected range w ith respect to 
the reference wavelength. It is seen from these aberration dia- 
grams that though the numerical aperture is large. 0.4, in this 
example, the aberrations are well coiTccted in a wide image 
circle region Further, chromatic aberration is well corrected as 
well. 

Second I Embodiment 

The second embodiment is a projection optical system with 
a magnification of 1 4\. suitably applicable to the projection 
exposure apparatus of the scanning exposure method. This 
second embodiment is an embodiment as a modification of the 
optical system of FIG. 2 as well. FIG. 10 is an optical path 
development of the projection optical system of the present 
embodiment, and FIG. II shows an illumination area on the 
reticle K. As shown in this FIG. 1 1. an arcuate illumination area 
P10 on the reticle R is illuminated by an illumination optical 
svstem not shown. Then, in FIG 10. light from patterns in the 
illumination area P10 on the reticle R travels through a firs! 
converging group G. consisting of four refractive lenses, and 
then passes a fansmissiv e part of a junction surface m a cubic. 
partialKicficctivc. beam splitter I0B A reflective film 10B(f 
with a rellectivity of approximately i0<)" () is formed in a 
periphei al part of the junction surf ace of the partially ^reflecti\ e 
beam splitter 1 0H. and a portion other than this reflective film 
lUBc; is a transrmssivc surface with a transmittance of 
approximately 1 <>0" n . 

The reflected light reaches a second converging group G : 
consisting ot" a negative meniscus lens F~ and a concave, 
reflective mirror M . and light reflected In the second 
converging group ( i. forms an intermediate image of the patterns 
in the illumination area P10. near the reflective film 10B<v in the 
partial 1 \ -reflects e beam splitter 10B. Then light from the 
intermediate image is reflected by the reflective film !OBa. then 
passes through a thud comeiging group G. consisting ol 
fourteen refractive lenses, and forms a second 
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inter n -dilate image of the patterns un the surface of wafer W 
[ citing \\ he a pr tMeetion magm ' i cat inn of fiom reticle K to w a lei 
W, tlie reticle area R is scanned upward at a predetermined 
vclociiv \\ and m sv nchroni/ation therewith the water \V is 
scanned upward at a velocity p»\ "... thus carrying out exposure 
in the scanning exposure method. 

Also, as shown in I-'K j. 10. the first conv urging group ( j , is 
composed of. in the order from the reticle R side, a convex lens 
[.,,, a concave lens L, .. a positive meniscus lens I ., witli a 
concave surface to the reticle R. and a concave lens I ... and the 
second converging group t i , is composed of a negative menscus 
: ens E with a concave sui face to the reticle R and a concave, 
rellective mirror \1 . Further, the third converging group 1 j : is 
composed of a positive meniscus lens 1 . !p with a concave surface 
to the reticle R, a convex lens F : ,. a positive meniscus len; 
with a concave surface 'o the reticle R. a convex lens I ;J , a 
convex lens L^, a positive meniscus lens I.,, with a convex 
surface to the reticle R. a concave lens I a positive men.se us 
iens F H with a concave surface to the reticle 10. a convex lens 
1 , , a negative meniscus lens with a concave surface to the 
reticle R. a convex lens a negative meniscus lens I ; with a 
convex surface to the reticle R, a positive meniscus lens I.,,, with 
a convex surface to the reticle R. and a negative meniscus lens 
I... with a convex surface to the reticle R. 

A magnification of the total system is l/4x 
i demagmfication). a numerical aperture NA on the w afer W side 
i image side) is O.x and the object height is 22 mm. The optical 
system may he used in the one-shot exposure method. 

The refractive lenses all are made of a kind of optical glass 
of fused quart/, which are corrected for axial and lateral 
chromatic aberrations for a wavelength band of 1 inn ai the 
w av elength of 1 ( J3 nm of the ultraviolet excimer laser light. Also, 
the optical system has excellent image-forming performance, as 
well corrected for spherical aberration, coma, astigmatism and 
distortion up to a nearly ■ ero aberration state. 

Next Table 2 shows radii of curvature ri, surface separations 
d: and glass materials in "he second embodiment of FIG. 10. In 
the following table, the fourteenth surface is a virtual plane for 
indicating the concave, rellective mirror in the optical path 
development. 
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Also. I I C i . 12 to 14 show longitudinal aberration diagrams 
of the second embodiment, FIG. 15 shows a lateral chromatic 
aberration diagram of the second embodiment, and FIG 16 
shows transverse aberration diagrams of the second embodiment 
In particular. FIG 12 shows spherical aberration of the second 
embodiment. FIG. 13 shows astigmatism of the second 
embodiment, and F!G 14 shows dislortion of the second 
embodiment. It is seen from these aberration diagrams that 
although tiie numerical aperture is large as 0.5 in this example, 
the aberrations are well collected m a wide image circle region. 
Further, chromatic aberration is well corrected as well. 
Third Fmbodimcnt 

The third embodiment is a projection optical system with a 
magnification of F'4x. suitably applicable to the projection 
exposure apparatus of the scanning exposure method. This third 
embodiment is an embodiment of the optical system using a 
partial mirror as well As shown in FIG. 17. the partial mirror 12 
i-i provided between the first converging group ( F and the second 
converging group G,, and positioned so as to avoid being 
disposed on the optical axes AX1. AX2 of the first converging 
group G and the third converging group G„ The partial mirror 
12 has a first reflective surface 12,7 arranged obliquely to the 
optical avis AX1 of the first converging group G. and a second 
reflective surface 1 2/> opposite to the first reflective surface 12</. 

FIG. 18 is an optical path development of the projection 
optical system id' the third embodiment, and FIG. 19 shows an 
illumination region P10 on the reticle R. As shown in this FIG. 
19, an arcuate illumination area F10 on the reticle R is 
illuminated by an illumination optical system 1. Then, in FIG. 
IS. light from patterns in the illumination area IMO on the reticle 
K tra\ els through a first converging group G, consisting of four 
retractive lenses and then passes beside the partial mirror 12. In 
other words, the first reflective surface 12<; of the partial mirror 
12 separates a part of the light from the first converging group 
G,. 

This passing light reaches a second converging group G, 
consisting of a negative meniscus lens F- and a concave, 
reflective minor \F, ami 'ight reflected by the second 
converging group G. forms an intermediate image 11 of the 
patterns in the illumination area Pit), near the partial mirror 12 
(see FIG. 17). Then light from the intermediate image 11 is 
reflected b\ a second reflective surface 12/) of the partial minoi- 
12 and thereafter passes through a third converging group G. 
consisting uf fourteen refractive lenses to form a second 
intermediate image of the patterns on the surface of wafer W 
Also, an aperture stop (> is placed on a Fourier transform plane in 
tiie third converging group G ; . i.e., between a convex lens [.,. 
and a convex lens F S In this case, letting [\ be a projection 
magnification of from reticle R to wafer \V„ the reticle area R is 
scanned upward at a predetermined velocity V,, and in 
synchronization therew ith the wafer 1 1 is scanned upward at a 
velocity (P«V f- . thus performing exposure in the scanning 
exposure method. 

Also, as shown in FIG IX. the first converging group G is 
composed of, in the order from the reticle R side, a positive 
meniscus lens I ; with a convex surface to the 
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reticle P. a negative meniscus lens 1. . with ;i convex surface to 
ll:e letule R. .1 annex lens I ,. and a concave lens I . .. and the 
second ^ on 1 , crying group 1 1 . is composed of a negative meniscus 
lens I.-, with a concave surface to the reticle R. and a concave, 
reflective mirror M,. further, the tlunl conveigmg group (i^ is 
composed of a negative meniscus lens I. s , with a concave surface 
to the relic e K. a positive meniscus lens 1 ; with a concave 
surface to 'fie reticle H. a positi\ e meniscus lens 1 with a 
concave suiface to the reticle R. a convex lens ] a cons ex lens 
I.... a posit ve meniscus lens L ; , with a convex suiface to the 
reticle P . a concave lens I . ; . a positive mcnise as lens I ; , w:th a 
coneaw surface to the reticle R. a convex ler.s P ; ,. a negative 
meniscus lens 1.,, with a concave surface to the iclicle R. a 
convex ietii l. Mi , a negative meniscus lens 1 with a convex 
surface to 'he reticle I-', a positive meniscus lens with a 
conv ex -anTace to the reticle R. and a negativ e meniscus lens L :; 
with a convex surface to the reticle R. 

A magnification of the total system is I 4x 
(demagmtlcation). a numerical aperture NA on the water 1 1 side 
( image >ide ) is 0.4. and the object height is 20 mm. The opucal 
system ma> be used in *he one-shot exposure method. 

The refractive lenses all are made of a kind of optical glass 
of fused quartz, which are corrected lor axial and lateral 
chroma' ;c aberrations for a wavelength band of 1 nm at the 
wavelength of 1 93 nn ol the ultraviolet excimer laser light. Also, 
the optical system has excellent image-forming performance, as 
well eoi reeled for sphencal aberration, coma, astigmatism, and 
distortion up to a near- * zero aberration stale, and the good 
lmage-torn.mg performance can be retained even if the optical 
system : > proportionally enlarged two to three times 

Next Table 3 shows radii of curvature r r surface separations 
d. and glass materials in the third embodiment otTKiS. 17 and 
IS. In the following table, the fourteenth surface .s a virtual 
plane for indicating the concave, reflective mirror in the optical 
path development. 
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embodiment. In particular. Fit > 20 show s spherical ahcn .it u >ti of 
the third embodiment. FIG 21 show s astigmatism of the third 
embodiment, and FIG. 22 shows distortion of the third 
embodiment it is seen from these abcnation diagrams that 
although the numerical aperture is large as 0.4 in tins example, 
the aberrations are well corrected in a wide image circle legion 
further, chiomatic aberration is web corrected as well. 

Fourth Fmbodimcnt 
I he four.ii embodiment is a projection optical sv stem \ l itii 
a magnification of 1 4\. suitably applicable to the projection 
exposure apparatus of the one-shot exposure method (steppeis 
e'c.i. Tins fourth embodiment is an embodiment a* a 
modification of the optical system of bid 2 as well, bid 25 is 
an optical path development of the projection optical system ot 
the fourth embodiment. A > show n in Fid. 25. light from patn rns 
hi the reticle P. travels through a first converging group G. 
consisting of four refractive lenses and then enters a In. am 
splitter surface \(K n in a polarizing beam splitter IOC of a 
-rectangular parallelepiped. The polarizing beam splitter 10* ' in 
the present embodiment is of a rectangular parallelepiped, and an 
incident surface (r,) of the illumination light is wider by a region 
13 than a projection image of the beam splitter surface I OCT/ 
'I his permits the polarizing beam splitter IOC in Fid. 25 to be 
constructed thinner than the polarizing beam splitter I0A in FIG. 
4 

A light beam having passed through the beam sputter 
surface 10(V/ passes through a quarter wave plate 9 (not shewn 
in FIG. 25) to reach a second converging group G_, consisting of 
a negative menu cus lens F,,. and a concave, rellective mirror M : . 
and light reflected by the second converging group G : travels 
through the quarter wave plate 9 (not shown FIG. 25). then is 
letlected by the beam splitter surface 10(Yj in the polan, ing 
beam splitter IOC. and forms an intermediate image II ot the 
patterns at a position in the vicmitv of the polarizing Ik am 
sputter 1 OC 

Then a hgl't beam from the intermediate image 11 parses 
through a third converg ng group G : consisting of four: ecu 
refract i\c lenses to form a second intermediate image o! the 
patterns on the surface of wafer W. In this case, an aperture .top 
6 is placed on a Fourier transform plane in the third converging 
group G,. that is. between a positive meniscus lens Fag and a 
c mv ex lens I. 

Also, as shown in FIG, 25, the first converging group < i. is 
composed of m the order from the reticle R side, a positive 
meniscus lens I.,, with a convex surface to the reticle F\ a 
c.mcave lens F ..a convex lens I..,, and a concave lens I .,. and 
the second converging group G : is composed of a nega'tve 
meniscus lens Feo with a concave surface to the reticle R. a-ul a 
conca\e. rellective mirror M,. Further, the third converging 
group (i, is composed o'di positive meniscus lens I ;| with a 
concave suiface to the reticle K. a convex lens I :; . a nega'ive 
meniscus lens F :: with a concave surface to the reticle K. a 
convex lens F,.. a convex lens F ; ,. a positive meniscus lens I ,, 
with a convex surface to the reticle R. a concave lens 1 a 
positive meniscus lens I ^ with a concave surface to the reiicle 
K. a convex lens F ;) . a negative meniscus lens F ;v wiih a 
concave surface to the reticle R. a convex lens F MJ , a negative 
meniscus lens F,. with a convex surface to the reticle R, a 
positive meniscus lens F i;i with a convex surlace to the reticle R. 
and a negalivc meniscus lens F M with a convex sui face to the 
reticle R. 

A magnification of the total system is I 4x 
(dcmagmfication ). a numerical aperture NA on tiie wafer I 1 ..ule 
( image side ) ;s (i.b. and the object height is 20 mm. 

I he refractive lenses all are made of a kind of optical glass 
m' fused cuartz. which are corrected lor axial and 
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lateral chiornatic alienations for a w avclength band of 1 tun 
at L ho wavelength of l l >3 nm of the ultraviolet cxeimer laser 
light. Also, the optical system has excellent image-forming 
pei formunce. as well corrected for spherical aberration, coma, 
astigmatism, and distortion up to a nearly zero aberration state, 
and the good image-forming performance can be retained even 
if the optical system of FK i 25 is proportionally enlarged two to 
three tunes. 

Next Table 4 shows radii of curvature r . surface separations 
d, and glass materials in the fourth embodiment of FK i. 25. In the 
following table, the fourteenth surface is a virtual plane for 
indicating the concave. reflective mirror in the optical path 
development. 
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Also, FIG. 26 to 28 show iongitudinal aberration diagrams 
of the fourth embodiment, FIG. 29 shows a lateral chromatic 
aberration diagram of the fourth embodiment, and FIG. 30 shows 
transverse aberration diagrams of the fourth embodiment. In 
particular. FIG. 26 shows spherical aberration of the fourth 
embodiment. FIG. 27 shows astigmatism of the fourth 
embodiment, and FIG. 28 shows distortion of the fourth 
embodiment. It is seen from these aberration diagrams that 
although ttie numerical aperture is large as 0.6 in tins example, 
the aberrations are well corrected m a wide image circle region. 
Fur'her, chromatic aberration is well corrected as well. 

It is preferred that the conditions ot equations ( 1 ) : .o (6) be 
satisfied in the present i mention, and thus, correspondence is 
nex - described between each embodiment as described above 
and the conditions of equations. First. Table 5 to Table S each 
show the radius ot curvature r of the concave, reflective mirror 
\F. focal lengths f. of the i-th converging groups G. (i~l t;.i 3). 
I'et/va! sums p. apparent retractive indices n.. image 
magnifications p. a magnification [V . of a combinational system 
of the first converging group G with the second converging 
group G.. an image magnification [V ot' the third eonveigmg 
group G,. a iVt/val sum p of the total system and a 
magnification P of the total r>> stem m each embodiment as 
described above 1 1 ere. the total system is represented by G .. and 
hlucks for IVt/val sum p. and image magm 1 lcation \S 
corresponding to the total svv.em G. indicate the IV't^val sum 
and image magnification of the total s>stem. respectively. 
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from tins table, it is seen that either one of the above- 





desenbed embodiments salMks the conditions of equations ( 1 ) 
to (0). 

1 he embodiments as described abo\ e employed qua; 1/ as a 
glass material foi form my the tefractive optical v, stem, bat 
anothei optical ela^.s such as tluonte nia> be used. 
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an embodiment of a common exposure apparatus 
usii^ecatadioptnc projection optica, systc,^ 
invention In tins embodiment, as shown m ITU 31. lite . 

direction of light that travels in the lirst conveig.ng g.oup t., 
e the opt.ea, axis AX. of the first converting group r, 
o Uut^bv optica. axesAXl-andAXIfcasshowntn U 
M The techniques relating to an exposure apparatus using a 

in Japanese I.aid-Open Patent Application No. ? .,.4,8. 

Thus the present invention is by no means l,m,,ed to the 
ab ov descnb d embodiments, but may employ a vane, o 
irsmlonswithinarangenotdepar.ing.'.om.hcesseneeo.thc 

so arranged that the image is once formed between the onca u 

may be reduced ior image- 



, ^v.ctenstics due to nonuniibrmity of characteristics 

"rn surface of bean, splitter, and the working 
in the scrrmrdii^ catadioptnt 

path to the water (.mage plane 1 2). 

reflected by the concave, reflective mirror M : . because a. 
^diate image is formed bct*«n te £ 
. -ond .ma»e-rormim> optical system (.,. Thetcloic. a number 
oVr £c iv;U S canbearrangedin*eop.ica 1P a,h.oach,eve 

i e orv imaee-forming performance. This also cause 
S rat a distance between a wafer-s,dc end lace o. re rae 
and the wafer, winch ,s the working distance, was loi.g 



lens 
enough 



Mso different from the ring field optical system for 

^1 one-shot exposure method under a high numerical 

aPCrt S,nce an aperture stop can be placed in the second imagc- 
to J " pt,ca! system, the optica, system of the invention can 
enjoy a^n advantage that the a value being a coherence taeto, can 

be freely controlled. 



